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Abstract: We report a fully–correlated multi–mode pumping architecture optimized for dra-
matic noise reduction of a class–A dual–frequency Vertical External Cavity Surface Emitting
Laser (VECSEL). Thanks to amplitude division of a laser diode, the two orthogonally polarized
modes emitted by the VECSEL oscillating at 852 nm are separately pumped by two beams
exhibiting fully in–phase correlated intensity noises. This is shown to lead to very strong and
in–phase correlations between the two lasing modes intensities. As a result, the phase noise
power spectral density of the RF beat note generated by the two modes undergoes a drastic
reduction of about 10 to 20 dB throughout the whole frequency range from 10 kHz to 20 MHz
and falls below the detection floor above a few MHz. A good agreement is found with a model
which uses the framework of rate equations coupled by cross–saturation. The remaining phase
noise is attributed to thermal effects and additional technical noises and lies mainly within the
bandwidth of a phase–locked–loop.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Microwave photonics,based on lownoise tunable optically–carriedmicrowave signals,addresses
many applications such as frequency standards distribution [1], photonic remoting for antenna
in radar systems, photonic links for cellular, wireless, satellite and radio–astronomyapplications,
cable television systems, optical signal processing [2], etc. In contrast with other technologies,
dual–frequency lasers can provide, thanks to their beat note, optically carried RF signals and
offer the advantage of optimal modulation depth [3]. The two laser modes share the same cavity,
their phase noises are thus expected to cancel in the beat note. To get a tunable RF signal
with such a dual–frequency laser, a birefringent crystal (BC) can be inserted inside the cavity
to create two optical paths for two orthogonal polarization modes. Besides, VECSELs exhibit
class–A dynamics [4] since the photon lifetime inside the cavity can be much longer than the
carriers lifetime inside the quantum wells. Free from relaxation oscillations and displaying
low noise, dual–frequency VECSELs are therefore good candidates for microwave photonics.
Their intensity and phase noises have already been studied in details at 1 µm [5] and 1.55 µm
wavelengths, and more recently at 852 nm [6].
The investigation of this latter wavelength has been triggered by potential new applications
such as cesium atomic clocks [7] or sensors based on coherent population trapping (CPT). For
instance, a double lambda scheme for CPT probed by lin ⊥ lin laser beams is shown to create
Raman–Ramsey fringes with a larger contrast than the usual simple lambda scheme in [8].
All these potential applications of dual–frequency VECSELs at various wavelenths require
low intensity and beatnote phase noises. A deep understanding of the noise mechanisms is the
cornerstone of our approach reported in [6] and a key point for noise reduction strategies. In
particular, intensity noise reduction and phase noise reduction are shown to rely on the same
four rules :
(i) the pump noise should be obviously made as small as possible;
(ii) the excitation ratios for the two lasing modes have to be balanced;
(iii) the cross–saturation between the two modes must be minimized and;
(iv) the correlations between the intensity noises of the pumping regions corresponding to
each mode have to be in–phase and as strong as possible.
On the one hand, minimizing the cross–saturation can be achieved by increasing the spatial
separation between the two modes in the active medium. On the other hand, in–phase 100%
correlation between the two pumping areas can be achieved trivially using a single–mode fibered
pump (provided it delivers enough power) [9] instead of a multi–mode fibered one that would
create a speckle pattern on the VECSEL structure. Indeed, single–mode fibered pumping
allows the gain areas for the two modes areas in the gain medium to intercept the same noise.
However, this solution cannot be applied to several wavelengths for which either there simply
exists no commercial single–mode fibered pump laser, or there is a power issue. Pumping
1.5 µm dual–frequency VECSELs using currently available single-mode fibered pump diodes
requires a trick, as reported in [9], otherwise the power delivered to the structure is not sufficient.
In the particular case of 852 nm VECSELs for example, no commercial single–mode fibered
laser diode is currently available with enough power. Yet another way to directly increase the
pump noises correlation is to superimpose as much as possible the two pumping regions so
that they can intercept the same intensity fluctuations. Hence, fulfilling both conditions (iii)
and (iv) simultaneously seems contradictory. The question then is to find a way to get low
cross–saturation and strong in–phase correlations between the pumping regions at the same time
using a multi–mode fibered pump.
In this paper, we address this issue for noise reduction in a dual–frequency VECSEL at 852
nm using a new pump architecture. Using amplitude division of a laser diode beam, the two
lasing modes are separately pumped. Fitting the modes with these two copies of the same
pump and minimizing their overlap are key points to achieve the intended goal of phase noise
improvements with multi–mode pumping.
The paper is organized as follows. The dual–frequency VECSEL and its novel pumping
scheme are presented in Section 2. A particular attention is paid to the pump noise features,
the correlation between the two pumping regions and the cross–saturation level. Section 3
focuses on the intensity noise of each mode and the noise mechanisms driven by our pumping
set–up. Section 4 is dedicated to the analysis of the phase noise of the beat note. We perform a
comparison with the previous studies [6, 7], which use a single pump spot on the gain medium.
Experimental results are also compared to the model developed in [6]. Finally, we sum up our
results in Section 5.
2. Device implementation for fully–correlated pumping
The dual–frequency VECSEL and its pumping architecture are schematized in Fig. 1. The
semiconductor chip (referred to as 1/2–VCSEL) is glued to a Peltier cooler, which is bonded to
a heat sink. The Peltier temperature is stabilized at 20◦C. This 1/2–VCSEL is a multi-layered
structure grown on a 350-µm-thick GaAs substrate by metal-organic chemical-vapor deposition
method. It contains a distributed Bragg reflector and active layers. The Bragg reflector is
composed of 32.5 pairs of AlAs/Al0.22GaAs quarter-wave layers leading to a reflectivity larger
than 99.94% around 850 nm. This mirror constitutes a half of the cavity formed with the output
coupler which is a concavemirror with a transmission of 0.5% and a radius of curvature of 5 cm.
In the active layers, seven 8-nm-thickGaAs quantumwells are embedded in Al0.22GaAs barriers,
Fig. 1. Experimental set-up for fully in-phase correlated pumping. The cross-polarized
ordinary (o) wave and extraordinary (e) wave created by the birefringent crystal (BC) are
separately pumped thanks to amplitude division of a multi–mode fibered laser diode.
which absorb the pump power. About 75% of the pump power at 673 nm can be absorbed in a
single pass. Each of the quantum wells is located at an antinode of the laser field. Two layers
of Al0.39GaAs form potential barriers to confine the carriers. A 50-nm-thick InGaP and 5 nm
GaAs layer cap the structure to prevent the Al oxidation. This chip is designed without anti-
reflection coating to increase the gain of the mode resonant within the micro-cavity created in
the semiconductor structure. If we consider the losses of the output coupler, the photon lifetime
inside the empty 5-cm-long cavity is 32 ns, which is much longer than the carrier lifetime inside
the wells τ ≃ 1 ns, thus ensuring that the laser obeys class-A dynamics [4].
An anti-reflection coated YVO4 BC is inserted inside the cavity. It is cut at 45
◦ off its optical
axis, thus creating a walk–off between the extraordinary polarization and the ordinary one. This
separation leads to the oscillation of two orthogonally x- and y-polarized laser modes inside
the cavity simultaneously. However, depending on the mode radius w0 in the structure, the two
modes partially overlap inside the gain structure and thus experience some competition through
nonlinear coupling, i.e, gain cross-saturation. This is described by the self- to cross- saturation
ratios denoted as ξxy and ξyx and the coupling constantC = ξxy · ξyx . Longitudinal single-mode
operation is obtained for each of the two orthogonal polarizations by inserting an isotropic YAG
etalon. The 100 µm–thickness of the etalon leads to a beat note frequency in the range of few
hundreds of MHz.
In order to minimize the cross–saturation (condition (iii)), the walk–off can be increased by
increasing the thickness of the BC. But this would lead to an increase of the intra–cavity losses.
The thickness of the BC chosen here results from a trade–off between these two effects and is
equal to 1 mm, leading to a value of the walk–off equal to 100 µm. With this crystal and a cavity
length equal to Lcav = 46.8mm, the two modes are almost completely separated in the active
medium and we estimate the coupling constant to be as low as C ≃ 0.05, which is three times
smaller than the value obtained in [6]. This reduced value of the coupling constant is promising
for phase noise reduction provided condition (iv) is simultaneously fulfilled.
The pump laser is a 635 nm laser diode. It is delivered to a connector by a multi–mode fiber
whose core diameter is 102 µm with a numerical aperture equal to 0.22. Since the separating
distance between the two modes is about 100 µm, which is larger than the mode radius w0 in the
1/2–VCSEL, pumping the gain medium with a single spot would lead the two modes pumping
regions to intercept poorly correlated intensity fluctuations from the speckle pattern. This is not
compatible with condition (iv) and is thus a dead–end for phase noise reduction. As a solution
to make the two spatially separated modes undergo the same pump intensity fluctuations, we
propose to use two spatially separated pump beams originating from the same source. The
diode laser beam is collimated with a lens and shaped with a slit. About two thirds of the power
are transmitted. The laser beam is then sent to a beam-splitter which performs an amplitude
division and thus creates two copies of the same pump. A second lens is then used to image the
pumps onto the semiconductor chip with an incidence angle θ ≃ 40◦ and a working distance of
30 mm. As a result, two approximatively 100 µm× 70 µm elliptical spots are able to pump each
mode on the structure. Thanks to the 70 µm typical width of the pump spot along y direction, a
walk–off of 100 µm indeed enables to pump separately the two modes regions without overlap,
meaning that each beam pumps one and only one mode. However, this is true only if the two
pump spots fit the separating distance between the two modes. To this aim, the reflector used
after the beam-splitter is put on an adjustable stage and can therefore be tilted. The pumps are
then responsible for the population inversion of each mode through the creation of reservoirs
of carriers whose average unsaturated numbers are denoted as N0i for i = {x, y} and their
fluctuations δN0i . As a consequence, each pump, whose effective power is denoted as Pp,i ,
enables its own laser operation with the excitation ratio noted ri . Due to the choice of amplitude
division to generate these two pumps, full correlation of the intensity noises of the two beams
is expected. The correlation amplitude is denoted as η while its phase is denoted Ψ. With RINp
the Relative Intensity Noise of the pump, the correlation between the modes verifies :
〈
δ˜N0x ( f ) · δ˜N
∗
0y ( f )
〉
= ηRINp ( f ) N0x N0y e
i Ψ , (1)
where 〈·〉 stands for the statistical average, tilde denotes the Fourier transformed quantities and
f the noise frequency.
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Fig. 2. Pump noise measurements. The thick (black) line in panel (a) shows the RIN
spectrum of the beam pumping x-polarization while the thin (cyan) line stands for y-
polarization. Panel (b) shows the correlation spectra between the two pump beams. The
correlation amplitude is represented by open circles (in purple), the detection floor by thick
lines (in black) and the correlation phase lies inside the devoted inset (green diamonds).
Figure 2 focuses on the experimental noise properties of the two pumps, namely the pump
RIN level and the correlation between the RINs of the two pumps. The RIN spectra of the pump
beams are displayed in Fig. 2(a). They can be modeled by a constant value RINp = −133 dB/Hz.
Figure 2(b) evidences a very high correlation amplitude, very close to 1 at low frequencies and
around 0.95 after a fewMHz. This figure also highlights a fully in–phase behavior of the pumps
since Ψ = 0.
The pumping scheme shown in Fig. 1 is thus able to overcome the apparent contradiction
between conditions (iii) and (iv). Indeed, very strongly in–phase correlated pumps are driving
the dual–frequency VECSEL while very low cross–saturation is displayed.
In the following, the pump noise correlation amplitude ismodeled by a constant value η = 0.98.
Together with the coupling constant C = 0.05, this forms a couple of laser parameters in strong
contrast with the values (η = 0.45 , C = 0.44) and (η = 0.1 , C = 0.15) previously achieved
in [6]. We can thus expect these low mode coupling and strong in–phase pump noise correlation
to have a positive impact on the noises of our dual–frequency VECSEL.
3. Analysis of the in–phase and anti–phase components of the laser intensity
noise
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Fig. 3. Intensity noise spectra of the dual–frequency VECSEL. The symbols stand for
measurements and the solid lines stand for the model. Panel (a) shows the RIN of x–
polarization (in blue) and the RIN of y–polarization (in orange). Panel (b) shows the RIN
of the in-phase noise mechanism (in purple) and the RIN of the anti-phase noise (in green).
The parameters used for the model are : τ = 1 ns, Ψ = 0, η = 0.98, rx = 1.38, ry = 1.23,
C = 0.05, RINp = −133 dB/Hz, τx = 30 ns, τy = 17 ns.
Using a half–wave plate then a polarization beam splitter, the x- and y-polarizedmodes emitted
by the dual–frequency VECSEL are separately sent to two photodiodes. After amplification,
the intensity fluctuations are finally recorded by an oscilloscope and analyzed. Figure 3(a)
shows that the RINs exhibit the usual behavior of a low–pass filter whose cut–off frequency
is typically given by 1/τi , where τi corresponds to the photon lifetime inside the cavity for
polarization i = {x, y}. Figure 3 compares these measurements to a model which takes into
account the influence of the pump noise on the RIN through coupled rate equations [5,6] theory.
A very good agreement is found. The eigenmodes of the intensity noises in dual–frequency
oscillation can be interpreted in terms of in–phase and anti–phase modes just like for coupled
pendulums. Figure 3(b) evidences the fact that the anti–phase noise is between 8 and 15 dB
lower than the in–phase noise throughout the whole frequency range 10 kHz – 20 MHz. This
confirms the expectation that the full in–phase pumping combined with a very low non–linear
coupling constant C are favorable conditions for the in–phase noise to dominate. Indeed, such
a domination of the in–phase mechanism was predicted in [6], which states that decreasing the
coupling between the two modes favors in–phase noise with respect to anti–phase noise. The
dramatic anti–phase noise reduction corroborates the fact that the gain competition between the
two modes is well inhibited. This proves that the present laser architecture prevents the noises
of the dual–frequency VECSEL from being deteriorated by cross–saturation.
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Fig. 4. Amplitude (a) and phase (b) of the correlation spectrum between the intensity noises
of the two modes. The symbols stand for measurements and the solid lines stand for the
model computed with the same parameters as in Fig. 3.
The amplitude and phase of the resulting correlation of the dual–frequencyVECSEL intensity
noises are analysed in Fig. 4. The two modes intensity noises are found to be fully in–phase
correlated with a strong correlation amplitude. More precisely, Fig. 4(a) shows that the corre-
lation amplitude between the two modes is larger than 0.8 up to several MHz. The decrease
at frequencies larger than 8 MHz is due to the limitations of our measurement. Indeed, at this
frequency the intensity noise approaches -140 dB/Hz (as shown in Fig. 3), which is very close to
the shot–noise level. This explains why this decrease in correlation amplitude is not predicted by
themodel. Figure 4(b) corroborates the fact that in–phase noise mechanism is strongly dominant
between 10 kHz and 20 MHz.
To summarize, we have proved in this section that, when conditions (iii) and (iv) are both
verified, a significant reduction of the dual–frequency VECSEL anti–phase intensity noise is
observed, as expected from our modelling. The next section aims at investigating whether a
similar decrease in the phase noise of the beat note is obtained.
4. Phase noise reduction
First, it is worth mentioning some phase noise properties of VECSELs. These semiconductor
lasers exhibit large Henry α factors responsible for the coupling between the phase and the
amplitude fluctuations of the laser field [10]. This effect of the Henry factor has been shown to
be the dominating mechanism for the phase noise of the beat note of dual–frequency VECSELs
at high frequencies [5], typically above one MHz. Another relevant contribution to the phase
noise has been shown to originate from the thermal fluctuations of the semiconductor active
medium induced by pump intensity fluctuations. This thermal effect dominates the beat note
phase noise at low frequencies and its properties can be described using a macroscopic model
which involves three parameters [11] : RT, the thermal resistance of the semiconductor structure
; τT, its thermal response time ; and ΓT, its refractive index variation with temperature.
Besides, for dual–frequencyVECSELs, the non–linear coupling between the modes, induced
by cross–saturation, has a detrimental influence on the phase–noise [6]. That is why, in the
introduction, condition (iii) stipulates a very low coupling constant to achieve a low phase noise.
Here, we have estimated the coupling constant to be only C = 0.05. The beat note phase–noise
level is also expected to strongly depend on the correlations between the pump noises seen by the
two modes [5], which thus deserve to be optimized. Condition (iv) stipulates that fully in–phase
correlated pumping is required, i.e. η → 1 and Ψ → 0. With the present specially designed
pumping architecture, Section 3 has shown that we achieve a correlation amplitude η close to 1
with Ψ = 0. In order to also meet condition (ii), balanced excitation ratios (rx ≃ ry) are needed.
This latter condition plays though a marginal role to reduce the phase noise as soon as η , 1,
which is the case here.
Figure 5 reports the VECSEL output beat note detected with a spectrum analyser in two
respective conditions : with a single pump spot as reported in [6] (in blue) and with the two
in–phase correlated pumps (in orange). As a consequence of the novel pumping scheme and as
predicted, the beat note noise pedestal experiences a tremendous decrease.
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Fig. 5. Beat note spectrum obtained with an electrical spectrum analyzer. The bottom light
trace (in cyan) stands for the detection floor. The beat note spectra are plotted versus the
frequency offset from the carrier. The wider spectrum (in blue) corresponds to the single
pump spot scheme reported in [6] whereas the other one (in orange) corresponds to the two
fully in–phase correlated pumps.
Figure 6 plots the power spectral density of phase fluctuations of the VECSEL beat note. This
figure evidences a drastic reduction of 10 to 20 dB of the phase noise throughout the whole
frequency range from 10 kHz to 20 MHz (red dots) with respect to the former pumping scheme
(open light-blue squares). The beat note phase noise falls below the detection floor at about 2
MHz offset from the carrier. Thanks to the model, Fig. 6 also shows that the phase–amplitude
coupling contribution to the phase noise power spectral density (dashed green line) has vanished
to reach the level of the measurements floor. The remaining part of the phase noise at low
frequencies is thus mainly induced by the thermal fluctuations (dash-dotted magenta line) and
technical noises.
It is worth noticing that, in the model for the thermal noise, the fact that the correlation
amplitude η of the pump noises is not strictly equal to 1 leads to a larger contribution to the beat
note phase noise than the unbalanced pumping of the two modes Pp,x , Pp,y. We could thus
expect a stronger phase noise suppression to occur with a single–mode fibered pump ensuring
η = 1 and delivering enough power like in [9], provided such a single–mode fiber–coupled high–
power diode laser would exist around 673 nm. Furthermore, we observe a discrepancy reaching
almost 10 dB at 10 kHz between the model and the measurements. The experimental spectra
exhibit a f −3 slope for frequencies below 300 kHz whereas the theoretical model exhibits a
larger slope in f −4. This means that the model for thermal noise fails reproducing the flicker like
frequency noise which is experimentally demonstrated. Therefore, this model would deserve to
be further refined. To do so, a microscopic approachwould be necessary. Indeed, the theoretical
plots in Fig. 6 have been obtained using an oversimplifiedmodel in which the frequency response
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Fig. 6. Power spectral density spectra of the beat note phase noise. The symbols are
experimental measurements. The dots (in red) correspond to the pumping scheme with two
beams fully in–phase correlated while the open squares (in light–blue) stand for the single
pump–spot scheme reported in [6]. The open gray circles represent the detection floor. The
total phase noise model with the two pumps is plotted with a solid line (in dark purple). The
dashed line (in green) is the contribution of the phase-amplitude coupling. The dash–dotted
line (in magenta) is the contribution of the thermal effects. They are computed with α = 5.2,
Pp,x = 0.48W, Pp,y = 0.45W, RT = 40K.W
−1, τT = 30 µs, ΓT = 1.39 × 10
−7 K−1 and
the same other parameters as in Fig. 3.
function Γ ( f ) of the thermal effect is approximated by a simple second–order low–pass filter
with a cut–off frequency given by 1/τT. Γ ( f ) could be derived for example using a semi–analytic
method like in [12], which would take into account the detailed structure of the semiconductor
chip.
5. Conclusion
In conclusion, we have demonstrated a tremendous reduction of the beat note phase-noise of
a dual–frequency VECSEL operating at 852 nm with multi–mode pumping. This reduction
comes as a result of the fully in–phase correlated pumping (with correlation amplitude η =
0.98 and phase Ψ = 0) with very low gain–competition (C = 0.05). This has been made
possible using amplitude–division of a multi–mode fibered pump diode, which creates spatially
separated pump spot fitting the modes and originating from the same pump source. This work
is moreover consistent with the theoretical predictions. This novel multi–mode fibered pump
scheme, allowing low noise dual–frequency operation, can be applied to all wavelengths for
which there exists no commercial suitable single-mode fibered pump laser diode. Furthermore,
even for wavelengths for which single-mode fibered pump lasers exist, this pumping scheme
can prove useful to use the larger power of multi–mode pumps while keeping a low phase noise
operation.
The dual–frequency VECSEL studied here delivers a beat note in the range of few hundreds
of MHz, through the use of an isotropic YAG etalon of thickness 100 µm. This setup could be
adapted to produce higher frequency betnotes by optimizing the etalon,aswas recently performed
to get a beatnote frequency tunable around 9.2 GHz [7]. This makes our setup useful to all
possible applications of dual–frequency VECSELs. For example, our noise reduction strategy
could be applied to CPT cesium clocks. In this case, the stringent needs in terms of noise for
the laser source were evaluated in [13, 14]. For example, a RIN level as low as -150 dB/Hz up
to 1 MHz is required to target a 5 × 10−13 relative frequency stability at 1 s integration time.
Both the use of our novel pumping architecture and implementation of an OPLL could improve
the phase and intensity noises. To this aim, a source of low noise RF reference, as reported
in [15], will be required. The simultaneous stabilization of both the frequency difference on a
RF reference and the absolute laser frequency on an atomic transition has also been investigated
in [16] in such a context. The two frequency lockings were not perturbing one another. Notice
also that there should be solutions to reduce the volume and the influence of environmental
perturbations on the laser. For example, industrial integration of single-frequency VECSELs is
currently being explored [17]. Such techniques could represent promising potential solutions
for dual–frequency VECSELs in view of developing more compact atomic clocks.
Moreover, the implementation of an OPLL for our dual–frequency VECSEL with improved
multi–mode pumping architecture will permit further characterization of the noise properties
of these lasers, especially at low frequencies. In particular, a new model for the thermal noise
needs to be developed, taking into account the microscopic structure of the semiconductor laser
and the particular dual–spot pumping geometry. It will allow us to gain a deeper understanding
of the remaining phase noise and will benefit to all applications of dual–frequency VECSELs.
Finally, let us mention that our dual–spot pumping strategy may find applications beyond
cw dual–frequency VECSELs. For example, it could be used to reduce the noise of dual–
polarization MIXSELs that are presently developed to perform dual–comb spectroscopy [18].
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